Tuning energy barriers by doping 2D group-IV monochalcogenides by Du, Albert et al.
Tuning energy barriers by doping 2D group-IV monochalcogenides
Albert Du,1 Zachary Pendergrast,1 and Salvador Barraza-Lopez1, a)
Department of Physics, University of Arkansas, Fayetteville, AR 72701, USA
(Dated: 8 May 2020)
Structural degeneracies underpin the ferroic behavior of next-generation two-dimensional materials, and lead to peculiar
two-dimensional structural transformations under external fields, charge doping and/or temperature. The most direct
indicator of the ease of these transformations is an elastic energy barrier, defined as the energy difference between
the (degenerate) structural ground state unit cell, and a unit cell with an increased structural symmetry. Proximity
of a two-dimensional material to a bulk substrate can affect the magnitude of the critical fields and/or temperature at
which these transformations occur, with the first effect being a relative charge transfer, which could trigger a structural
quantum phase transition. With this physical picture in mind, we report the effect of modest charge doping (within−0.2
and +0.2 electrons per unit cell) on the elastic energy barrier of ferroelastic black phosphorene and nine ferroelectric
monochalcogenide monolayers. The elastic energy barrier Js is the energy needed to create a Pnm21→ P4/nmm two-
dimensional structural transformation. Similar to the effect on the elastic energy barrier of ferroelastic SnO monolayers,
group-IV monochalcogenide monolayers show a tunable elastic energy barrier for similar amounts of doping: a decrease
(increase) of Js can be engineered under a modest hole (electron) doping of no more than one tenth of an electron or a
hole per atom.
I. INTRODUCTION
In the very recent past, Zhu, Lu, and Wang showed that
the intrinsic electric dipole of SnSe monolayers can be tuned
by charge doping.1 Charge doping is a variant of charge den-
sity reaccommodation, with another instance of electronic re-
arrangement, dipole screening, and structural modifications
being created by illumination from light.2 Reference 1 em-
ployed the Perdew-Burke-Ernzerhof (PBE) approximation for
exchange and correlation3 in density functional theory.4
According to Seixas et al.5 and others,6,7 charge doping
also modifies energy barriers separating the ground state fer-
roelectric unit cell and paraelectric unit cells that have an en-
hanced symmetry. As indicated by Potts,8 a change in en-
ergy barriers in turn modifies the critical temperature at which
structural phase transformations take place in ferroic 2D ma-
terials. Thus far, only chemical composition,9,10 strain,11 and
structural constraints12 have been studied as means to con-
trol energy barriers of group-IV monochalcogenides, and this
manuscript shows that energy barriers are also susceptible of
change upon charge doping, which could occur by proximity
to a supporting substrate.13–16
In doing so, we recall that density functional theory meth-
ods are unable to describe the electron correlation in so-called
“van der Waals solids” accurately, as explicitly shown in the
bulk and in bilayers of black phosphorus.17 One may con-
clude that this may also be the case for isoelectronic group-
IV monochalcogenide monolayers. Previous work from us10
questions the accuracy of exchange-correlation approxima-
tions such as LDA18,19 or even PBE,3 and suggests that
these materials could become a testbed for further work in
exchange-correlation functionals. In that previous study, ge-
ometries were determined from density-functional theory4 us-
ing eight different exchange-correlation (XC) functionals that
a)Electronic mail: sbarraza@uark.edu
include traditional ones (LDA18,19 and PBE3), five with self-
consistent van der Waals corrections20–22 (optPBE-vdW23,24,
optB86b-vdW23,24, vdW-DF-cx25, vdW-DF226, B86R-vdW-
DF226,27) and the recently developed SCAN+rVV1028, which
has been successful to describe the weak bonding in liquid and
solid water in the most precise manner yet29. In order to test
the predictions obtained with the PBE exchange-correlation
functional, here we worked with the B86R-vdW-DF226,27 and
with a combination of optPBE exchange and DF2 correlation
corrections (optPBE-vdW-DF2); these choices were made for
purely illustrative purposes only.
The atomistic structure of black phosphorus monolayers
and most group-IV monochalcogenide monolayers is pecu-
liar in that a finite horizontal tilt δx,0 (or d in Ref. 1) exists in
between pairs of atoms (exceptions are PbS, PbSe, and PbTe
for which δx,0 = 09,10). Additional variables that permit un-
derstanding the structural evolution with charge doping are
lattice parameters a1,0 and a2,09–12 (labeled a and b in Ref. 1).
The angle α in Ref. 1 is not a good descriptor of a paraelectric
structure.
Finally, the process to obtain energy barriers under doping
is straightforward, but additional steps beyond those described
in Ref. 1 are necessary. The main difference is that while the
focus of Ref. 1 is on the ground state unit cell which has a
Pnm21 symmetry,30 the barrier Js to be calculated as energy
differences among such ground state unit cell and a paralectric
unit cell with P4/nmm symmetry.
The manuscript is straightforward, it has a decisive em-
phasis on atomistic structure, and it is organized as follows:
Computational details are provided in Sec. II, a comparative
discussion that includes the results from Zhu and coworkers
obtained with the PBE approximation to exchange correlation
and ours, and the calculation of energy barriers is provided in
Sec. III. Conclusions are provided in Sec. IV.
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FIG. 1. Order parameter δ1,0 as a function of hole/electron concentration for black phosphorus monolayer and nine group-IV monochalco-
genide monolayers (SiS, SiSe, SiTe, GeS, GeSe, GeTe, SnS, SnSe and SnTe). (a) Results with the DF2-B86R exchange-correlation functional
are shown in solid symbols, and PBE results from Ref. 1 can be seen as open symbols. GeSe, GeTe, SnS, SnSe, and SnTe monolayers are
paraelectric with a modest hole doping of 0.2 holes/u. c. (b) As the alternate calculation employing the DF2-optPBE functional shows, the
magnitude of δx,0 is strongly dependent on exchange-correlation functional: Here, SnSe and SnTe monolayers become paraelectric under a
doping of 0.2 holes/u.c.
II. COMPUTATIONAL DETAILS
Calculations were performed with the VASP code31 (re-
lease 5.4.4) on a 30×30×1 k−point mesh and with a 600 eV
energy cutoff. Energy and force convergence criteria were
set to 10−11 eV and 10−5 eV/Å respectively, and the high
precision tag was turned on. The out-of-plane lattice vector
length was 30 Å. The anharmonicity of the energy landscape
of monolayers makes it difficult for standard algorithms that
optimize lattice vectors to find the overall minima. We have
therefore performed calculations on preestablished lattice pa-
rameter meshes (i.e., in meshes for which the variation of en-
ergy against lattice parameters is sampled with a 0.005 Å res-
olution and the four basis atoms are allowed to move along
the x− and z−directions).
III. RESULTS AND DISCUSSION
Figure 1 shows the evolution of zero-temperature δx,0 ver-
sus charge doping; the inset of Fig. 1(a) showing its schematic
depiction. In the inset, the four atoms forming the unit cell are
shown; the gray atom is the group-IV (metal, M) element and
the yellow one the chalcogen (X).
The B86R-vdW-DF2 functional in Fig. 1(a) performs in a
manner analog to PBE in the four materials (GeS, GeSe, SnS
and SnSe) studied previously1 (shown in dashed lines and
open symbols). We can attest to the accuracy of the charge-
neutral structures in Ref. 1, as our PRB results are spot-on10
when compared with theirs.
The B86R-vdW-DF2 exchange-correlation functional pro-
vides a structure slightly compressed with respect to PBE, as
will be seen more clearly on Fig. 2 when lattice parameters are
revealed. Results with the B86R-vdW-DF2 functional provide
slightly smaller magnitudes of δx,0 when compared to previ-
ous PBE results. Additionally, there is a salient difference in
our results and previous ones: while we confirm that SnSe
monolayers are paraelectric under hole doping, we also ob-
serve SnTe, SnS, GeTe, and even GeSe to turn paraelectric un-
der hole doping (previous work does not report GeSe, GeTe,
nor SnS to be paraelectric). Occurring at zero temperature,
the change from a ferroelectric to a paraelectric ground state
structure upon doping is a quantum phase transition.32
As seen in Fig. 1(b), the magnitude of δx,0 obtained when
employing the optPBE-vdW-DF2 functional is larger than
that observed with PBE or B86R-vdW-DF2. This is due to
the variation in structure observed among many exchange-
correlation functionals as reported in Ref. 10. The larger mag-
nitude of δx,0 is such that only SnSe and SnTe monolayers
can become paraelectric under the amount of charge doping
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FIG. 2. Lattice parameters a1,0 (subplots (a) and (c)) and a2,0 (subplots (c) and (d)) as a function of charge doping concentration. Results
in subplots (a) and (b) were obtained with the DF2-B86R exchange-correlation functional, and open symbols correspond to calculations with
the PBE exchange correlation functional in Ref. 1. Note that heavier monochalcogenide monolayers (GeSe, GeTe, SnS, SnSe, and SnTe)
have identical lattice parameters for the largest shown hold doping. Subplots (c) and (d) show data obtained with the DF2-optPBE exchange-
correlation functional. In this case, only SnSe and SnTe monolayer show converging lattice parameters for the largest hole doping shown in
these subplots.
shown in the Figure.
We now turn our attention to the evolution of zero-
temperature lattice parameters a1,0 and a2,0 as a function of
charge doping for black phosphorus and the nine group-IV
monochalcogenide monolayers. For this purpose, the left sub-
plots in Fig. 2 display a1,0, while subplots to the right show
a2,0. Once again, it is possible to see the close correspondence
among B86R-vdW-DF2 and PBE results, and the larger val-
ues (especially of a1,0 when the optPBE-vdW-DF2 exchange
correlation functional is employed. We chose to give an iden-
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FIG. 3. The angle α is not a reliable order parameter of a paraelectric u.c. as a function of charge doping: its magnitude does not necessarily
correlate with δx,0 = 0 in Fig. 1. Furthermore, α can take smaller or larger values than 90◦. (a) Results with the DF2-B86R exchange-
correlation functional are shown in solid symbols, and PBE results from Ref. 1 can be seen as open symbols. (b) Alternate calculation
employing the DF2-optPBE exchange-correlation functional.
tical range for both lattice parameters in order to emphasize
that they can take on identical values for those cases in which
δx,0 turned zero in Fig. 1.
The angle α in Ref. 1 is formed among atoms r3,0, r2,0, and
r4,0 at the inset of Fig. 1(a). Using their atomic positions as
defined before,10,11
r3,0 = (0,0,z3,0), r2,0 = (δx,0,0,0), and
r4,0 =
(a1,0
2
,
a2,0
2
,zz,0− z3,0
)
,
with z1,0 and z3,0 relative heights with respect to atom r2,0
(which is placed at a zero height), it becomes possible to write
down a compact expression, as follows:
cosα =
−δx,0
( a1,0
2 −δx,0
)
+ z3(z1− z3)√
δ 2x,0 + z
2
3,0
√( a1,0
2 −δx,0
)2
+
( a2,0
2
)2
+(z1,0− z3,0)2
.
(1)
Equation (1) gives important information away. The first
term in its numerator is smaller or equal than zero, as 0 ≤
δx,0 < a1,0. In turn, the second term in its numerator is larger
or equal than zero. In particular, and as indicated as early as
2016, the relative height of the lowermost atoms z1,0−z3,0 can
be negative or positive depending on chemical compound,33
while it appears that Ref. 1 assumes it to be zero (as that would
be the only way α ≥ 90◦ in that work). In other words, and as
seen in Fig. 3, α should not be employed as the order param-
eter to signal the ferroelectric to paraelectric quantum phase
transformation.
It is time to shift gears and show how the elastic en-
ergy barrier Js is influenced by charge doping. For this pur-
pose, Fig. 4(a) displays the ferroelectric orthorhombic ground
state unit cell with Pnm21 group symmetry, and the paraelec-
tric tetrahedral unit cell with P4/nmm group symmetry from
which Js is computed.9,10 The units of Js (K/u.c.) are directly
proportional to the critical temperature Tc at which the struc-
tural transformation takes place.12 Figures 4(b) and 4(c) show
that the barrier is smaller with hole doping, and it gradually
increases to take largest values with electron doping for a cer-
tain degree of tunability. Obeying to the largest magnitudes
of both δx,0 and a1,0 reported in Figs. 1 and 2, the barrier is
larger when employing the optPBE-vdW-DF2 functional. As
indicated before, Js is the first estimate of a possible critical
temperature at which the ferroelectric to paraelectric struc-
tural transformation might take place,9,12 and hence the sig-
nificance of the tunability observed in Fig. 4. The fact that the
barriers increase from hole to electron doping give confidence
that such phenomena may be independent of the exchange-
correlation functional being employed and is thus a reliable
feature of these materials.
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FIG. 4. (a) Geometrical depiction of the Pnm21 → P4/nmm structural transformation, leading to the barrier Js. (b) Energy barriers Js as
obtained for the DF2-B86R exchange correlation functional. (c) Energy barriers Js as obtained for the DF2-optPBE exchange correlation
functional. There is a clear decrease (increase) of Js with hole (electron) doping.
IV. CONCLUSIONS
To conclude, we studied the effect of charge doping (within
−0.2 and +0.2 electrons per unit cell) on the elastic en-
ergy barrier created by a Pnm21→ P4/nmm two-dimensional
structural transformation of ferroelastic black phosphorene
and nine ferroelectric monochalcogenide monolayers, using
DF2-B86R and DF2-optPBE exchange-correlation function-
als for this purpose. . The previous study1 does not report
energy barriers Js. These barriers are crucial to determine the
structural transformation. We studied many more materials
than they did, and the effect of charge doping on these barri-
ers we had never assessed before.
Providing a comparison against recent results published in
this Journal, the zero-temperature evolution of the in-plane tilt
δx,0, an angle α , and lattice parameters a1,0 and a2,0 of the
ground state unit cell were provided along the way.
Group-IV monochalcogenide monolayers show a tunable
elastic energy barrier for similar amounts of doping: a de-
crease (increase) of Js can be engineered under a modest
hole (electron) doping of no more than one tenth of an elec-
tron or a hole per atom, in addition to their tunability by the
choice of chemical formula and of exchange-correlation func-
tional being employed. These results–strictly on the atom-
istic structure–provide further guidance concerning a possible
tunability of the critical temperature of these compounds by
charge doping.
The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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